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INTRODUCTION
Avoiding predators generally increases individual fit-
ness; however, antipredator strategies vary in their en-
ergetic demands and are constrained by the morpholo-
gy and/or physiology of both predator and prey species 
(Greene, 1994). It has been suggested that optimization 
of antipredator strategies is necessary because such be-
haviors are costly when employed unnecessarily (Ives 
and Dobson, 1987; Lima and Dill, 1990). Because of 
their high degree of behavioral variability, snakes have 
long been utilized as model organisms for understand-
ing the underlying mechanisms of variation in predator 
response (Greene, 1979; Mori and Burghardt, 2004). 
Previous work has demonstrated that antipredator be-
haviors in snakes are determined by a complex inter-
action of genetic (Scudder and Burghardt, 1983; Ar-
nold and Bennett, 1984; Herzog and Burghardt, 1986; 
Brodie, 1989; Herzog and Schwartz, 1990; Placyk and 
Burghardt, 2011) and environmental influences, includ-
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ing temperature (Mori and Burghardt, 2004), individu-
al state (Shine et al., 2000; Roth and Johnson, 2004; 
Aubret et al., 2007), and predation pressure (Aubret et 
al., 2011; Placyk, 2012). Comparative studies of these 
variations can shed light on the evolution of behavior-
al phenotypes and population differentiation (Burghardt 
and Schwartz, 1999; Llewelyn et al., 2010).
Musking, or cloacal discharge, is a common defen-
sive behavior across many snake taxa that involves 
the release of a foul-smelling secretion from the cloa-
cal glands, often accompanied by feces and urates (Mori 
and Burghardt, 2008; Placyk, 2012), to render the snake 
unappetizing to potential predators (Blum et al., 1971; 
Mason, 1992). Musk gland secretions are primarily com-
posed of lipids and vary in composition across taxa (Ol-
dak, 1976). Oleic and linoleic acids create the repellent 
smell (Blum et al., 1971), distinct from odors of feces or 
urates (Watkins et al., 1969; Chiszar et al., 1980). The 
muscles surrounding the musk gland ducts in the later-
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al margins of the cloaca are favorable for quick release 
such as is necessary in defensive encounters (Price and 
Lapointe, 1981). Potential predators including house-
cats (Wright and Weldon, 1990), ants (Gehlbach et al., 
1968), and ophiophagus snakes (Watkins et al., 1969) 
were deterred by musking secretions in laboratory ob-
servations, though canids were not (Weldon and Fagre, 
1989). Musking has been observed without being quan-
tified in numerous snake antipredator behavior stud-
ies (Fitch, 1965; Scudder and Burghardt, 1983; Arnold 
and Bennett, 1984; Graves and Duvall, 1988; Ford and 
Burghardt, 1993; Keogh and DeSerto, 1994; Glaudas, 
2004). Studies that have quantified musking behavior 
demonstrate that it is a last-line defense, not occurring 
until the snake is physically handled (Gibbons and Dor-
cas, 2002; Mori and Burghardt, 2008).
This study quantified musking behavior in two snake 
species: the Terrestrial Gartersnake (Thamnophis ele-
gans Baird and Girard, 1853) and the Plains Gartersnake 
(T. radix Baird and Girard, 1853), in response to human 
predators at four sites in and near Denver, Colorado, 
USA. Here the geographic distributions of these two 
closely-related species (Pyron et al., 2011) intersect in 
the vicinity of a growing urban center, the Front Range 
of Colorado (Rossman et al., 1986; Hammerson, 1999). 
Humans and their companion animals are important 
predators of snakes in urban environments because of 
intentional harassment, collection, poaching, and dis-
turbance due to proximity (Burger, 2001). Gartersnakes 
are sometimes common in these environments and are 
apparently able, at least in the short-term, to survive 
in such impacted and patchy habitats (Rossman et al., 
1986; Kjoss and Litvaitis, 2001; Mifsund and Mifsund, 
2008; Patrick and Gibbs, 2009). It is unknown if their 
behavior and/or natural history traits differ in these ar-
eas as has been found in a wide range of vertebrate taxa 
(Ditchkoff et al., 2006).
We tested four hypotheses of the plasticity of garter-
snake musking behavior in response to humans, which 
snakes perceive as potential predators (Herzog et al., 
1989; Prior and Weatherhead, 1994; Gregory and Greg-
ory, 2006): (i) given that musk gland morphology (Young 
et al., 1999) and antipredator displays (Greene, 1979) 
are closely associated with ecological demands and habi-
tat type, these species will exhibit an equal propensity to 
musk when living side-by-side under identical ecological 
pressures; (ii) both species will increase musking fre-
quency in habitats of greater predation pressure from 
humans (approximated by habitat size and distance from 
the city center) and other animals (as approximated 
by incidence of scarring and tail loss (e.g., Placyk and 
Burghardt, 2005)); (iii) snakes in better body condition 
will be more likely to exhibit musking behavior because 
of the energetic costs of lipid production (Derickson, 
1976); and (iv) given intersexual differences in musk lip-
id composition (Oldak, 1976), musk gland morphology 
(Kissner et al., 1998; Young et al., 1999), and musk odor 
(Kissner et al., 2000), females will musk more frequently 
than males.
METHODS
Field methods — Observations were made at four sites 
in and near Denver, Colorado, USA, varying in size and 
level of human impact: Commons Park, a downtown city 
park; Lowry Wetlands, an unimproved watershed on a 
former Air Force base; Bluff Lake Nature Center, an ur-
Figure 1. Map of the greater metro area of Denver, Colorado, USA, showing location of study sites. A) Bluff Lake Nature Cener, B) 
Lowry Wetlands, C) Commons Park, and D) Pine Valley Ranch Park. Source MapQuest.com.
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ban nature preserve formerly part of Stapleton Interna-
tional Airport; and Pine Valley Ranch Park, a county park 
in a large swath of contiguous habitat (> 5,000 km2) 
(see Figure 1, Table 1). Only Terrestrial Gartersnakes 
were found at the Pine Valley Ranch Park site, while both 
species were found at the remaining three sites. We 
hand-captured snakes on open ground and under cover 
objects from March-November 2009, March-November 
2010, March-September 2011, and April-October 2012. 
Musking was defined as the release of cloacal secretions 
and a foul smell and was recorded as a binary (yes/no) 
response if it occurred at any time during processing. Air 
temperature was measured immediately after capture 2 
cm above ground level (PTH8708 Digital Temperature & 
Humidity Pen, General Tools, New York). We measured 
snake mass with spring scales (Pesola AG, Baar, Swit-
zerland) and snout-vent length with a standard tape 
measure. We recorded any indications of previous injury, 
including body scars and missing tail tips, and individu-
ally marked snakes by ventral scale clipping (Brown and 
Parker, 1976). After processing, all snakes were released 
at point of capture. Identical protocols were followed for 
each snake and processing time varied only nominally. 
Because habituation can occur among gartersnakes in 
behavior studies (e.g., Andry and Luttges, 1972; Chiszar 
et al., 1976; Herzog et al., 1989; Herzog, 1990; Placyk 
and Burghardt, 2011), only data from first captures were 
utilized in analysis. Simultaneous captures were also ex-
cluded from analysis due to the uncertainty of positively 
identifying the musking snake. We cleaned our hands 
with moist towelettes and hand sanitizer (containing 
minimum 62% isopropyl alcohol) after each encounter. 
Field protocols during the 2012 season were modified 
slightly from previous years and included a measure of 
body temperature via cloacal probe and sexing; because 
of this difference in procedure we analyzed these data 
separately.
Statistical methods — We conducted a Fisher’s Exact 
Test to test for differences in musking behavior between 
species from the three sympatric sites and from all four 
sites in observations during 2009-2011. To test for the 
effects of predation pressure and body condition on 
musking behavior we created logistic regression mod-
els for each species independently, using habitat size, 
distance from downtown Denver, incidence of scarring, 
and body condition as predictor variables and snake size 
(snout-vent length, SVL) and air temperature as covari-
ates. Because mass and snout-vent length were highly 
correlated (R2 = 0.761), only snout-vent length was in-
cluded in models as a metric of snake size. Snake body 
condition was calculated as the residuals of the regres-
sion of the log of body weight on the log of SVL (Weath-
erhead and Brown, 1996) using separate regression lines 
for each species. To test for sex differences, we conduct-
ed a Fisher’s Exact Test for each species using data from 
the 2012 observations. All analyses were conducted in 
SAS 9.2 (SAS Institute, Cary, NC) with α = 0.05.
RESULTS
In observations during 2009-2011 at the three sympat-
ric sites, the Plains Gartersnake (n = 37) musked signifi-
cantly more frequently than the Terrestrial Gartersnake 
(n = 75) (91.9% of encounters vs. 57.3%; Fisher’s Ex-
act Test P < 0.001). The inclusion of data from a fourth 
site, where Plains Gartersnakes are not found, did not 
alter the results, with 60.2% of Terrestrial Gartersnakes 
(n = 98) musking (Fisher’s Exact Test P < 0.001; See 
Figure 2). As such, data from all four sites were used 
in subsequent analyses. For the Terrestrial Gartersnake, 
individuals in better body condition were significantly 
more likely to musk (Type III test of fixed effects, F1,91 
= 6.75, P = 0.01). No other factors in the models for 
either species were significant (all P ≥ 0.13; see Table 
2). In 2012, under slightly different field protocols, the 
Plains Gartersnake (n = 20) again musked significant-
ly more frequently than the Terrestrial Gartersnake (n 
= 37) (80.0% of encounters vs. 51.3%; Fisher’s Exact 
Test P = 0.047). Additionally, there was a significant sex 
difference within Terrestrial Gartersnakes, with females 
musking more often than males (82.3% of encounters 
vs. 25.0%; Fisher’s Exact Test P < 0.001), but no sex 
difference within Plains Gartersnakes (66.7% of encoun-
ters vs. 91.0%; Fisher’s Exact Test P = 0.28; See Figure 
3). A post-hoc logistic regression showed significant in-
teraction between species and body condition (Wald X1
2 = 
6.667, P < 0.001), with Terrestrial Gartersnakes musk-
ing with greater frequency as body condition increased. 
An opposite, though not statistically significant, trend 
was evident in Plains Gartersnakes (See Figure 4).
DISCUSSION
These observations do not support our hypothesis of 
convergent musking behaviors of snakes living sympat-
rically or the hypothesis of variation across a gradient 
of habitat size and anthropogenic impact. The Plains 
Gartersnake musked significantly more often than the 
Terrestrial Gartersnake at the three sympatric sites. 
Furthermore, musking did not correlate with differ-
ences in environmental variables, habitat differences, 
or metrics of predation pressure in either species. As 
Figure 2. Proportion musking by the Terrestrial Gartersnake (Thamnophis elegans, blue) and the Plains Gartersnake (T. radix, red) 
at each location during 2009-2011. Asterisks indicate significant (P < 0.05) differences; error bars show 95% confidence limits.
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observations from 2012 indicate no sex bias in obser-
vations (X1
2 =0.439, P = 0.57), we have no reason to 
believe that the observations from previous years are 
biased because of differences in the number of each sex 
included.
Consistency of musking antipredator behavior was also 
found by Placyk (2012), who quantified behaviors in 
snakes from populations of differing predation threat and 
found that population of origin had a significant effect 
on musking behavior, but handling by humans did not. 
Taken together with our findings, this implies that anti-
predator decisions in gartersnakes may be determined 
genetically or canalized early in development, with nei-
ther immediate conditions nor recent experience influ-
encing antipredator decisions. Our observations were 
made within the narrow geographic band, along the high 
plains east of the Rocky Mountains, in which the Terres-
trial Gartersnake and the Plains Gartersnake are sym-
patric (Hammerson, 1999). Further observations across 
the distribution of these species, as well as quantification 
of predation pressures, could illuminate the evolutionary 
trajectories that have shaped this behavioral divergence.
Interestingly, our hypothesis for higher propensity to 
musk with increasing body condition was supported for 
the Terrestrial Gartersnake, but not in the Plains Garter-
snake. Musking in Terrestrial Gartersnakes may be sub-
ject to condition-dependent physiological limitations. On 
the other hand, musking defense was used consistently 
by Plains Gartersnakes in the vast majority of encoun-
ters, possibly indicative of a species-level canalization of 
this behavior. The opposing trend in musking propensi-
ty with increasing body condition in the Plains Garter-
snake, though not significant, could perhaps be due to 
the implementation of alternative defensive tactics such 
as writhing or biting in robust individuals.
Our hypothesis of sex-biased musking was observed in 
the Terrestrial Gartersnake, contrary to our observations 
of Plains Gartersnakes and a study of Common Garter-
snake (Thamnophis sirtalis Linnaeus, 1758) populations 
   Distance   Latitude/ Species
   from   Longitude present and
  Approximate downtown Surrounding (datum =  sample size
Site name area Denver area WGS84) (2009-2011)
Commons Park 10 ha 0 km dense urban  39.758089° Plains Gartersnake 
    development; high- -105.004844° (n = 12)
    rise buildings, retail   Terrestrial Gartersnake
    business,  (n = 7)
    residential buildings   
Lowry Wetlands 20 ha 12 km urban development; 39.727361° Plains Gartersnake
    primarily single- -104.889742° (n = 20)
    family residential  Terrestrial Gartersnake
      (n = 42)
Bluff Lake 50 ha 14 km urban development; 39.758875° Plains Gartersnake
Nature Center   single-family -104.857611° (n = 5)
    residential and  Terrestrial Gartersnake
    industrial; open   (n = 26)  
    space; county jail  
Pine Valley 332 ha 70 km sparse residential 39.408975° Terrestrial Gartersnake
Ranch Park    development; -105.349792° (n = 23)
    continuous with
    national forest
Table 1. Description of study sites near Denver, CO.
Figure 3. Proportion musking by sex and species during 2012. 
Asterisk indicates significant (P < 0.05) difference; error bars 
show 95% confidence limits.
Figure 4. Predicted probabilities of musking by body condition, 
with 95% confidence envelope, for the Terrestrial Gartersnake 
(Thamnophis elegans, blue) and the Plains Gartersnake (T. 
radix, red). The trend in Terrestrial Gartersnakes is statistically 
significant (P = 0.001).
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in Michigan (Placyk, 2006). The impacts of body con-
dition and sex observed in the Terrestrial Gartersnake 
may be related. For example, if females musk more of-
ten and are in better body condition, perhaps as the re-
sult of stores for reproduction, we would expect such a 
positive relationship between condition and musking in 
this species. This difference in strategy may be due to 
sex-biased predation pressure leading to differing tac-
tics between males and females, sex differences in the 
energy budgets and resource allocation in this species, 
or perhaps as a corollary to other functions of the musk 
glands. Males and females react differently to the odors 
of the opposite sex, thereby raising the possibility that 
musking could serve in complex chemosensory social 
interactions (Roth and Lutterschmidt, 2011). Addition-
ally, musking may serve as a cue alerting conspecifics 
to potential predators, but evidence of this is limited to 
anecdotal observations and one laboratory experiment 
(Brisbin, 1968; Duvall et al., 1985; Graves and Duvall, 
1988). Our understanding of the implications of musking 
in snake social behavior would benefit greatly from fur-
ther tests of the influence of sex and condition as well 
responses to conspecific musking. 
As with other studies of antipredator behaviors, a lack 
of observations of natural predator-prey interactions 
challenges our complete understanding (Gregory and 
Gregory, 2006). A variety of variables found to influ-
ence snake behavior, including stress, feeding condi-
tion, shedding cycle, and hydration (Ford, 1995) are not 
accounted for in the present study and may confound 
any observations of snake behavior in the field. However 
as variation in laboratory and field behaviors has been 
shown in gartersnakes (Brodie, 1993), an examination of 
animal behaviors in natural contexts can provide critical 
insights unavailable from laboratory experiments alone 
(Altmann, 1974). Given the ease with which musking can 
be observed and recorded concomitant with a variety of 
snake field studies, it would be most useful for research-
ers to record such data across a wide range of geography 
and taxonomy.
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